Abstract -Railway traction vehicles need to transfer high tractive effort from wheels to rails. The task is complicated because the maximum transferable force continuously changes during the train run, and the change can lead to the high wheels slip velocity or slippage. The effects are undesirable and must be prevented if it is possible or at least limited by slip controllers. There have been several slip controllers developed based on different principles with different degree of complexity and efficiency. The paper summarises principles of the slip control methods and brings their overview with the simulation of their behaviour.
I. INTRODUCTION
The modern railway vehicles can transport a large number of cargo or passengers to long distance. To be possible to reach the high tractive effort that is required by cargo trains or high speed required by passengers trains the force from wheels to rails have to be transferred effectively. The requirement is obvious, but due to the steel contact areas between wheels and rails, it can be challenging to fulfil it, especially during bad weather because the force that can be transmitted between wheels and rails depends on the adhesion that is closely linked with the rails surface conditions thus with the weather. The locomotives are designed to fully utilise all available adhesion during good conditions when the adhesion coefficient has a high value. However, when the conditions become worse, the locomotive can produce higher tractive force than the force that can be transferred by the wheel-rail contact. If the force is not limited, the slippage of the wheels is the result in the case. The slippage is undesirable because it increases wear of wheels and rails [1] and can damage mechanical parts of the locomotive bogie in the worst cases. Once slippage is created, it must be suppressed by the massive tractive force decrease. If the force is decreased many times, the train can gain delay [2] or even suck at the track. The problem was solved by the gradual development of many types of slip controllers. The early controllers were protections that eliminate the slippage if it occurs. The modern ones can prevent slippage occurrence by early regulatory intervention. The problem with the force transfer have all railway vehicles not only locomotives. However, other railway traction vehicles like multiple units have a higher number of driven wheelsets and reach lower force. Therefore, their maximum force requires lower adhesion, and the slippage occurs when the rails surface conditions are very adverse.
The slip controllers for railway traction vehicles are developed for many decades, and their development still continues. The new or improved slip controllers are developed because the slip control problem is not sufficiently solved. The slip controller basic purpose is to enable the maximum force transfer by the wheel-rails contact area if the required force is higher than the maximum transferable force due to an adhesion limitation. The slip controller must also keep the slip velocity, i.e. difference between wheel circumference velocity and its longitudinal velocity, at an acceptable value to limit wear of wheels and rails. Therefore, the slip controller has to change the required tractive force to fulfil the requirements continuously. Moreover, to the modern slip controllers are put new demands like suspension of torsional vibrations that occur in the wheelset mechanical system, and the torsional vibrations amplitude is connected with the adhesion. Although the slip controllers are developed for decades, their summary is missing, or it is incomplete. Therefore, the paper summarises the most common slip controller principles and describes modern and perspective slip controllers in more detail.
The rest of the paper is organised as follows. The adhesion phenomenon and its influence to the tractive force transfer by the wheel-rail contact are described in the next chapter because the adhesion is essential for the slip controller operation and design. The slip controllers overview and detailed description of the most used is described next. Finally, the simulation of the selected slip controllers is described.
II. ADHESION AND FORCES
The adhesion is crucial for the tangential force transfer between wheels and rails during traction or braking. Therefore the description of the slip controllers is preceded the description of the adhesion. The tangential force can be expressed as follows.
Where FT is a tangential force, μ is an adhesion coefficient, W is an adhesion weight, and g is the gravity acceleration.
The value of the adhesion coefficient depends on many parameters like wheel slip velocity, train longitudinal velocity and conditions on rails surface. The slip velocity is a difference between the wheel circumference velocity and its longitudinal velocity. The circumference velocity can be measured by incremental encoders mounted on wheels or motor. However, to determine the longitudinal velocity is difficult when all wheels are driven, and the velocity has to be calculated by some averaging or has to be estimated in this case. The slip velocity is necessary for the tangential force transmission between the wheel and the rail. Therefore, every driven or braked wheel has to have different circumference velocity from its longitudinal velocity, thus slip velocity [3] . Examples of the dependence of the adhesion coefficient on the slip velocity for different adhesion conditions are depicted in Fig. 1 and wheel with depicted forces and velocities are depicted in Fig. 2 . The adhesion characteristic can be divided into the two areas from the electric drive control point of view. The first area of the characteristic is called a stable area, and the area is from zero value of the slip velocity to approximately 2 km•h -1 [4] . The area is called stable because the slip controller can work in the area without any controller reaction. An unstable area is located behind the stable area. Between the areas is located the maximum point of the characteristic. The maximum point moves to higher slip velocities and lowers adhesion coefficient values when the rail surface conditions are getting worse. The goal of the slip controller is to keep the slip velocity in the stable area in passenger trains or multiple units case and the stable area or not far from the peak value in the unstable area in freight trains [5] . From the previous description, it is clear that the slip velocity affects the value of the actual adhesion coefficient from zero to the maximum value. However, the conditions of the rail surface, train velocity and temperature affect the maximum value of the adhesion coefficient and position of the maximum point on the adhesion characteristic. The influence of the rail surface conditions are random and cannot be predicted. The adhesion coefficient can reach values from 0.05 to 0.4 due to the rail surface changes [6] . Moreover, the adhesion changes approximately every few meters even when the wheatear is unchangeable. On the other hand, the effect of the velocity is described by wellknown Curtius and Kniffler formula [6] . The maximum value of the adhesion coefficient decreased with increased velocity according to the formula.
The second parameter from (1) that affects the value of the tangential force is the adhesion weight. The value of the adhesion weight changes when the dynamic motions of the locomotive occur e.g. pitches or bounces. These phenomena are related to the locomotive mechanical parameters, values of the tractive effort, load, changes of the tractive effort and track parameters.
III. SLIP CONTROLLERS
The slip control methods can be sorted into several groups according to their principle of operation [7] or target railway vehicle [5] , but not exactly given slip control methods classification is presented in the literature. Generally, the slip control methods can be sorted into a forerunner of the modern slip controllers to the re-adhesion controllers and the slip controllers with different level of regulation quality and principles [8] . Proposed slip control methods classification that takes into account the methods evolutionary and principle of the operation is depicted in Fig. 3 . Some of the methods from the picture are also described in [9] in detail. The first of the slip control methods were re-adhesion controllers. The re-adhesion controllers work as a protection against the slippage when it occurs. They are typically based on the slip velocity comparison with a fixed predefined threshold. If the threshold is overstepped, the controller steeply decreases the tractive force. Another re-adhesion controller is based on the wheel acceleration comparison with a predefined threshold. These methods can simply fail due to slow slippage creation or by slippage of all wheelset. Another principle is based on the voltage or current difference between serially or in parallel connected motors. If the difference occurs, one wheelset is in slippage. The re-adhesion controllers cannot prevent the slippage creation and can only limit it. The re-adhesion controllers steeply decrease the tractive force when the slippage is detected, and after slippage suppression, it starts the force increase to the initial level. This behaviour often leads to another slippage creation, and the locomotive driver must decrease the required tractive force to prevent another slippage creation.
From the re-adhesion controllers, the first slip controllers were developed. This slip controllers control the slip velocity to a constant value. The value of the required slip velocity is set as the higher acceptable value on which slippage does not occur. The slip controller main disadvantage is low adhesion utilisation, and the slip velocity calculation is also problematic. The slip controller is often improved about acceleration protection to create a hybrid slip controller [10] . These slip controllers can be used as additional protection to the modern slip controllers to work as protection when they potentially fail.
The modern slip controllers try to avoid slippage formation by preventive and continuous regulatory interventions. The modern slip controllers are based on the determination of the actual adhesion characteristic parameters. The determined parameters can be the maximum point location on the actual adhesion characteristic or slope of the actual characteristic. Moreover, the slip controller can be sorted according to the adhesion or slip detection mechanism. The slip controllers based on the slope determination requires knowledge of the adhesion parameters like adhesion coefficient or adhesion force. However, none of these parameters can be directly measured during train runs. Therefore, the slip controllers use estimation techniques to determine the value. The estimators can be disturbance observer [11] or some variant of the Kalman filter [12] . The different way how to determine the slope is based on a mechanical phenomenon that occurs in the torque transfer chain between electric motor and wheels, i.e. determination of a phase shift between motor torque and its velocity [13] or according to torsional vibrations [14] .
Slip controllers that detect a maximum point position [15] can fully utilise the whole available adhesion, but they must permanently work in the unstable area of the adhesion characteristic. Therefore, the slip controllers require a highly dynamic electric drive. The main disadvantage of the slip controllers based on the principle is that they can cause some undesirable mechanical effects that are connected with stick-slip oscillations that occur when the operating point moves from the stable area to the unstable area and back [16] .
There are also exists other slip controllers based on different principles described in the literature. Methods that evaluate noise [17] , or use a Hilbert-Huang transformation [18] . However, the approaches are experimental.
The explanation of the main difference between the selected principles of the slip controllers is depicted in Fig. 4 . The figure shows a set of adhesion characteristics for different conditions of the surface of the rails and the positions of the operating points for different slip controllers principles when the maximum force has to be transferred. The simple slip controller control slip velocity to a constant can optimally work with the good adhesion characteristic. On the other hand, the modern slip controllers can work near the maximum point with good adhesion characteristic. However, the slip controller based on the adhesion characteristic slope detection as the only one can work with acceptable slip velocity value when the adhesion is adverse because the method that controls to the maximum point moves the operating point to unacceptable higher slip velocities when the adhesion is adverse. 
A. Adhesion Characteristic Slope Determination
Because the slip controllers that estimates the adhesion characteristic slope is perspective, the principles of the slip controller are described in more detail in the subchapter. This group of methods is based on two different approaches. The first approach uses the adhesion estimation by a proper estimator according to slip velocity and applied force change. The second approach estimates adhesion according to the phase shift between motor angular velocity and wheel angular velocity.
The slip controllers that estimates the adhesion characteristic slope according to adhesion estimation typically estimates the adhesion coefficient or force adhesion force and calculate a derivative of the adhesion force FA and the slip velocity vs. The derivative can be calculated as follows:
When (2) is met, the operating point is located in the maximum point of the adhesion characteristic. If the derivative is positive, the operating point is located in the stable area of the characteristic, and if the derivative is negative, the operating point is located in the unstable area of the characteristic. The slip controller can basically detect the maximum point of the adhesion characteristic. However, the controller structure has to be highly dynamic, and the usage of the speed controller is recommended. However, the speed controller is not a standard part of the locomotive control structure, and it would have to be installed.
The possible estimators can be disturbance observers or the proper variant of the Kalman filter. The typically used disturbance observers are zero order, first order or full order. The difference between the observer orders lays in its complexity and accuracy. The simple disturbance observers can sometimes have problems with proper function [19] . More accurate results can be achieved by using a Kalman filter, extended Kalman filter or unscented Kalman filter [20] . The adhesion coefficient can also be estimated according to a wheel-rail contact area [21] . The slip controllers are based on a model of the contact area, and an adaptive sliding mode controller is used for the control. However, the method was not verified.
The general description of the slip controllers group is depicted in Fig. 5 . The slip controller input is a required torque that is set by a train driver. The required torque is multiplied by a slip controller output value that is in a range from zero to one. Therefore, the slip controller can only limit the value. The decreased required torque is led to a torque controller block, and then to an electric drive block. The electric drive block output is measured motor or wheel velocity v and calculated motor torque. The motor torque is calculated by a motor controller. The torque and the velocity are led to the estimator block that estimates force. Then, a derivative is calculated. If the Kalman filter is used, the derivative cannot be calculated because the slope is the output of the Kalman filter. The PI controller output maintains the required torque value to be the PI controller input equal to zero or positive. The positive value is used more often to avoid the operating point oscillates around the maximum point. When the PI controller input is maintained at a positive value, the operating point is located in the stable area of the adhesion characteristic. The second approach is based on the measuring of the phase shift between the signal injected to the electric motor torque and its representation measured on wheel or motor angular velocity. The slip controller was initially presented in papers [13] and [22] . The slip controller requires adding a small periodic excitation torque signal to the required motor torque. The excitation torque causes oscillations of the motor torque and correspondingly angular speed. Between the motor torque oscillations and motor angular speed, a phase shift occurs. The phase shift is proportional to the actual adhesion characteristic slope. The principle of the slip controller is simple. The wheelset with electric drive creates a mechanical system with eigenfrequencies, and its poles are located in a stable position. However, the adhesion brings to the system additional damping that depends on the operating point position on the adhesion characteristic [23] . The additional damping changes the mechanical system parameters and causes the phase shift. The slip controller principle is described in [9] .
The method general block diagram is depicted in Fig. 6 . The block contains a generator of the excitation signal that is led to the electric drive. Basically, the signal can be added to the required torque in any part of the diagram. The applied torque and measured velocity are led to the angle calculation block diagram, and its output is led to the controller. Fig. 6 General principle of the slip controller that estimates adhesion characteristic slope phase shift between torque and velocity IV. SIMULATION RESULTS Simulation results for selected slip controllers for dry and wet rails are depicted in Fig. 7 and Fig. 8 respectively. The upper part of the figures depicts forces, and bottom part depicts velocities. The adhesion force is used as a basement that represents the highest possible achievable adhesion. The applied tractive forces have to be below the adhesion force to avoid slippage creation and the distance from the adhesion force is expresses regulatory quality of the slip controller. The adhesion force decreases at time 3 second and then starts to increase to the original value. The slip controller reaction in this part is crucial for comparison of the slip controller reaction. The figures compare the slip controller that estimates the slope of the adhesion characteristic with the method that keeps the slip velocity at the constant value. The slip controllers that determine the slope of the adhesion characteristic is based on the Kalman filter (marked as KF in the legend), disturbance observer (marked as DO) and phase shift (marked as phase).
Simulation results for dry rails are depicted in Fig. 7 . All tractive forces are below the adhesion force. The highest tractive force and thus, the highest adhesion utilisation have the slip controller based on the phase shift determination and slip controller that control slip velocity to the constant value. However, the slip controller that determines the phase shift has the highest slip velocity that increases the wear of the wheels and rails. Although the slip controller has the best results, the controller should be set to have a lower slip velocity, and the results would be similar to the slip controller based on the Kalman filter. Note that there is a visible excitation signal on the torque and velocity of the slip controller that determines the slope of the adhesion characteristic from the phase shift.
Simulation results for wet rails are depicted in Fig. 8 . The best results in the case produce the slip controller based on the Kalman filter because it has the highest average force with low slip velocity. The slip controller that controls the slip velocity has the worst results because the maximum point of the adhesion characteristic is located at higher slip velocity, and the slip controller cannot utilise the available adhesion. V. CONCLUSIONS The slip controllers are a crucial part of railways traction vehicles because they enable to reach high tractive effort and speed during all conditions. Moreover, the slip controllers increase the economy of operation by decreasing wear of wheels and rails and can avoid train delay. The paper summarises developed approaches to slip control. The slip controllers were gradually developed from simple methods that were only protection or control the slip velocity to the constant value to the modern slip controllers based on complicated algorithms. The slip control is inseparable from the adhesion. Therefore, the paper starts with the description of the adhesion and its relation to wheel slip. Then, the existing slip controllers are sorted into groups. The methods based on the detection of the slope of the adhesion slip characteristic. However, from the simulation results, it is clear that the estimation has to be made by a stochastic filter, e.g. Kalman filter or method that must change complete locomotive control.
